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Introduction 2
Random variation and natural selection are the two fundamental principles of modern 3 evolutionary synthesis (Mayr & Provine, 1998) . Conditions for the process of natural selection 4 are met when (a) there is a phenotypic variation in a population; (b) there is a consistent 5 relationship between the variation and survival and/or reproductive capabilities; and (c) the 6 variation is at least in part determined by genetic factors (Endler, 1986) . The phenotypic and 7 genetic characteristics of common diseases often meet these three criteria; as such, natural 8 selection should operate on diseased individuals. Common diseases represent genetically 9 influenced phenotypic variations that are frequently associated with increased mortality or 10 morbidity. Family, twin and epidemiologic studies indicate that both environmental and genetic 11 factors contribute to common disease susceptibility. However, despite some successes of genome 12 wide association studies in identifying common susceptibility variants, the genetic architecture of 13 common diseases remains largely unknown (Manolio et al., 2009) . Because long-term natural 14 selection leads to population genetic changes that contribute to an individual organism's 15 adaptation to the environment, understanding how natural selection influences common disease 16 susceptibility loci may also increase our understanding of the genetic architecture of complex 17
diseases. 18 19
Sequence analyses of common disease loci implicated by case-control association studies for 20 signatures of selection reveal mostly mixed patterns of positive and negative selection 21 (Blekhman et al., 2008) . Similarly, patterns of amino-acid changing single-nucleotide variations 22 in common disease susceptibility loci are comparable to those in neutrally evolving loci (Thomas 23 & Kejariwal, 2004 diseases that presented with a nonpleiotropic, nonsyndromic Mendelian phenocopy. In most 1 cases, the decision to classify a disease as early versus late-onset was straightforward, based on 2 established epidemiological and clinical information. In a few cases, some ambiguity about 3 typical age of onset did occur. For example, a subgroup of patients with systemic lupus 4 erythematosus, focal segmental glomerulosclerosis, and obesity are younger than 30 years of age 5 at first diagnosis. However, because the average age of onset of these diseases in the general 6 population is over age 30, they were classified here as late-onset diseases. This strategy, to use 7 the average age of onset in population-based studies, was applied consistently in those rare cases 8 where considerable variation in onset age has been reported to occur. 9
10
The diseases and their relevant genetic findings were organized for review using the first 17 11 categories of the WHO ICD10 classification scheme (World Health Organization, 2013) Mendelian susceptibility genes: four diseases of the central nervous system; four diseases of the 3 musculoskeletal and connective tissue system; two diseases of the circulatory system; and one 4 disease each of the neoplasia system, the endocrine, nutritional and metabolic system, the eye 5 and adnexa system, the ear and mastoid process system, the digestive system, and the 6 genitourinary system (Table 1 ). In contrast, no highly penetrant Mendelian phenocopy was 7 identified for any primarily early onset common disease (Table 2 ). An expanded review of 8 complex diseases for presence of Mendelian phenocopies is presented in Supplemental File 2. 9
Gene mutations predispose to a few early onset common diseases in a low-penetrance fashion 10 (less than 70%). Examples of low-penetrance mutations and the associated early onset diseases 11 include ALK in neuroblastoma, RET in Hirschsprung disease, GNPTAB in stuttering, and several 12 genes predisposing to Herpes Simplex encephalitis. Nine of the first 14 WHO ICD10 diagnostic 13 categories that contain both early and late onset common diseases have Mendelian phenocopies 14 for late onset common diseases but not for early onset common diseases (p<5.8x10 -4 , Fisher's 15 exact test, two-sided). In addition, no Mendelian phenocopy was identified in the three WHO 16 disease categories (XV, XVI and XVII), which, by definition contain only early onset common 17 diseases. All Mendelian phenocopies identified in this study represent rare coding mutations. 18
Highly penetrant regulatory variants were not observed. 19 20 It is notable that gene penetrance for certain early onset common diseases appears to be 21 higher when the underlying mutation is associated with syndromic features. cause of syndromic orofacial clefting. The penetrance of cleft lip or palate is 1 approximately 50% but increases to 80% when lip pits and sinuses are also included 2 (Ghassibe et al., 2004) . PTPN11 mutations cause Noonan syndrome which is 3 characterized by dysmorphic features as well as heart defects, including pulmonic 4 stenosis, in over 70% of cases (Tartaglia et al., 2002) . Wilms tumor, a common childhood 5 kidney malignancy, develops in 74% of patients with Dennys-Drash syndrome, which is 6 caused by mutations in the Wilms tumor suppressor (WT1) gene (Mueller, 1994) . 7
Hirschsprung disease occurs in over 80% of Shah-Waardenburg syndrome patients who 8 carry SOX10 germ line gene mutations (Amiel et al., 2008) . Notably, this review found 9 that no nonsyndromic susceptibility gene has ever been linked to the corresponding early-10 onset common disease in a comparably highly penetrant fashion. 11 12 In summary, this study examined the hypothesis that the process of natural selection leads to 13 systemic genetic differences between early and late onset common diseases. An analysis of rare 14
Mendelian forms demonstrates that certain late onset common diseases, but not any early onset 15 common diseases, have highly penetrant nonpleiotropic, nonsyndromic predisposition genes. 16
These Mendelian phenocopies are statistically significantly over-represented for late versus early 17 onset common diseases when the WHO-defined diagnostic categories are compared. Assuming 18 that all genes randomly mutate and no methodological biases exist against studying and reporting 19 familial presentations of early onset common diseases, these findings suggest that the genetic 20 architecture of early onset common diseases is not permissive to the phenotypic expression of 21 highly penetrant predisposing mutations. This supports the hypothesis that natural selection 22
shapes the genetic architecture of common diseases for increased mutational robustness (i.e., mutations affect only a few. Thus, increased mutational robustness might be a correlated 1 outcome of environmental robustness (i.e., congruent robustness) in complex organisms, 2 possibly because certain environmental factors or mutations may cause perturbations in the same 3 biological pathways (Felix & Wagner, 2008; Lehner, 2010) . Thus, increased mutational 4 robustness in early onset common diseases may be a consequence of environmentally induced 5 selection, rather than a response to rare mutations. In fact, the presence of many early onset 6
Mendelian diseases with high penetrance, including autosomal recessive inherited metabolic 7 diseases and monogenic syndromic presentations of common diseases, support the view that 8 mutations alone are not sufficient to drive genetic robustness in humans. Thus, environmental 9 factors that have a population level health impact are likely the primary driving factors that 10 secondarily lead to mutational robustness. PrePrints population. Whether coding risk variants of higher population frequency will also confer higher 1 relative risks for late onset common diseases than for early onset ones remains to be tested in a 2 separate survey of whole genome association and exome sequencing studies. 3 4 More broadly, these results shed some light on the origins of genetic robustness. Whether genetic 5 robustness is favored by natural selection has been difficult to assess because empirical examples 6 are rather limited (Felix & Wagner, 2008; de Visser et al., 2003) . Because diseases reflect 7 maladaptation of the whole organism, current findings derived from a broad repertoire of 8 common diseases support the hypothesis that natural (environmental) selection favors mutational 9 robustness. It should be emphasized, however, that genetic robustness can also be inferred for 10 many late onset common diseases. For example, the diagnostic categories for infections, diseases 11 of the blood and blood-forming organs, mental and behavioral system, respiratory system, skin 12 and subcutaneous tissue have no highly penetrant predisposition genes either for early or for late 13 onset common diseases. In addition, with the exception of papillary renal carcinoma, highly 14 penetrant nonpleiotropic tumor predisposition genes are not evident for common neoplasia of 15 late onset, a major cause of late onset mortality. Thus, genetic robustness against highly 16 penetrant loci appears to be intrinsic in many late onset diseases. Nevertheless, the presence of 17
Mendelian phenocopies in a subset of late onset common diseases but not in early onset ones 18 suggests that natural selection increases and enhances genetic robustness to eliminate the impact 19 of highly penetrant mutations. The observation that syndromic loci may still predispose to early 20 onset common diseases in a highly penetrant fashion suggests that pleiotropism may impose 21 constraints against the development of genetic robustness. 
